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57 ABSTRACT 
The source region of a volcanic tremoris determined by 
simultaneously detecting the trenor using seismometers 
installed at at least four separate points, obtaining corre 
lation functions among pairs of the detected values, 
calculating at least three observation time lags corre 
sponding to the maximal values of the correlation func 
tions, and using the at least three observation time lags 
for determining the source region of the volcanic 
trendt. 

2 Claims, 3 Drawing Sheets 
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1. 

METHOD FOR DETERMINING SOURCE REGION 
OF VOLCANIC TREMOR 

BACKGROUND OF THE INVENTION 
1. Field of the Invention 
This invention relates to a method for determining 

the source region of a volcanic tremor caused by subter 
ranean volcanic magma motion by measuring the volca 
nic trenor at at least four observation points. 

2. Prior Art Statement 
Similarly to the technique used in ordinary determi 

nation of the hypocenter of local earthquakes, the con 
ventional technique for determining the source region 
of a volcanic trenor uses the difference in arrival time 
of P waves (longitudinal waves and compressional 
waves) and S waves (transverse waves and distortional 
waves) measured at at least four observation points or 
otherwise uses the times at which initial motion com 
eC6S. 

When the volcanic tremors are from a source region 
near the Earth's surface, however, it is frequently found 
that the P waves and S waves are not clearly distin 
guishable and, moreover, that the initial motion times 
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cannot be accurately ascertained. Precise calculation of 25 
the tremor source region has therefore been difficult 
using the conventional hypocenter determination 
method. 

Since this has made it impossible to obtain accurate 
knowledge regarding the source of volcanic tremors 
caused by magma motion even when the magma is near 
the surface (ordinarily within 20 km of the surface), it 
has been difficult to use volcanic tremor measurements 
for predicting volcanic eruptions accurately. 

In U.S. Pat. No. 4,961,143 the inventors proposed a 
method for predicting volcanic eruptions comprising 
the steps of simultaneously receiving electromagnetic 
waves produced by magma via antennas installed at 
four points on land and/or the seabed, cross-correlating 
the received signals to detect time lags among the sig 
nals, calculating the size, magnitude and shape of the 
magma, which generates long-wave radiation, from the 
time lags, and predicting the likelihood of a volcanic 
eruption from time-course changes in the calculated 
size, magnitude and shape of the magma. 
With this method, however, the fact that electromag 

netic waves are attenuated by the Earth's crust makes 
difficult to conduct the required measurements when 
the magma is at a depth of 10 km or more from the 
surface. Another problem with the method is that its 
dependence on the reception of electromagnetic waves 
makes it necessary to use expensive observation equip 
nent. 

OBJECT AND SUMMARY OF THE INVENTION 

The present invention was accomplished in the light 
of the foregoing situation and has as one of its objects 
the provision of a method for determining the source 
region of a volcanic tremor with high accuracy even 
when the volcanic tremor is produced by magma near 
the Earth's surface. 
Another object of the invention is to provide such a 

method which enables an improvement in the accuracy 
of volcanic eruption predictions. 
These objects of the invention are realized by a 

method comprising: detecting the waveform of one and 
the same volcanic tremor with seisnometers at at least 
four observation points at the same time and recording 
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2 
the detected tremors and the time of detection in the 
form of signals; obtaining cross-correlation functions 
among the signals; calculating at least three independent 
observation time lags corresponding respectively to the 
maximal values of the cross-correlation functions; and 
determining the source region of the volcanic tremor on 
the basis of the three observation time lags. 

Since the method according to the present invention 
does not have to distinguish between P waves and S 
waves and has no need for the initial motion commence 
ment times, it is able to determine the source of a volca 
nic trenor irrespective of its depth. Moreover, since the 
method requires only the observation of vibrations it 
can be implemented using less expensive equipment 
than earlier methods requiring observation of electro 
magnetic waves. 
The above and other features of the invention will 

become apparent from the following description made 
with reference to the drawings. 
BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a block diagram illustrating the principle of 
the method for determining the source region of a vol 
canic tremor according to the invention. 
FIGS. 2(a) and 20b) are waveform diagrams for ex 

plaining the time lag between the signals received by 
seismometers at two locations. 
FIG. 3 is a graph showing how the source region of 

a volcanic tremor is determined by using signals re 
ceived from four separately located seismographs to 
draw hyperboloids whose foci are the signal reception 
points. 

FIG. 4 is a graph showing the relationship between 
the visual angle of the wave source and the propagation 
distance difference. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENT 

The principle of the method for detecting the source 
region of a volcanic tremor in accordance with this 
invention is illustrated in FIG. 1, in which the reference 
numeral 1 denotes the source region of a volcanic 
tremor. Volcanic tremors accompanying the motion of 
magma are received by at least four seismometers 2a, 
2b, 2c, 2d installed at at least four observation points P1, 
P2, P3, P4 and converted to electric signals. The seis 
mometers installed at the observation points may be of 
any type insofar as they have high sensitivity at least 
with respect to low frequencies. The observation points 
should preferably be separated from each other by at 
least around 10 km so that clearly ascertainable time 
lags will be obtained. 
The signals output from the seismometers 2a, 2b, 2c, 

2d are sent to and recorded by recorders 3a, 3b, 3c, 3d. 
The signal recorded in the recorder 3a is forwarded to 
a correlator 4a, the signal recorded in the recorder 3b is 
forwarded to the correlator 4a and a correlator 4b, the 
signal recorded in the recorder 3c is forwarded to the 
correlator 4b and a correlator 4c, and the signal re 
corded in the recorder 3d is forwarded to the correlator 
4c. As a result, a different signal pair is formed in each 
correlator. Each of the correlators 4a, 4b, 4c produces a 
cross-correlation function of the pair of signals input 
thereto and calculates the observation time difference 
(time lag) between the signals. The results are sent to a 
source region image formation section 5 which creates 
an image of the source region based on the time lag data 
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it receives. The source region image formation section 5 
outputs a signal corresponding to this image to a data 
recording section 6 where it is recorded. The data re 
corded by the data recording section 6 is forwarded to 
a data analysis section 7 which analyzes time-course 
changes in the size, position and change of the source 
region and forwards the data resulting from this analysis 
to an eruption detection section 8. The eruption detec 
tion section 8 outputs an eruption prediction upon de 
tecting an abnormality in the data received from the 
data analysis section 7. The data from the data record 
ing section 6, the data analysis section 7 and the erup 
tion detection section 8 are forwarded to an output 
section 9 in which the input data are considered in total 
to output an eruption prediction. 
The recorders, correlators, image formation section, 

data recording section, data analysis section, eruption 
prediction section and output section can, if desired, be 
constituted using a computer. 
The method for calculating the cross-correlation 

functions between the signals corresponding to the vol 
canic tremor detected by the seismometers at the obser 
vation points and for calculating the time lags between 
the observation points will now be explained. 
FIG. 2(a) shows the waveform fi(t) corresponding to 

a volcanic tremor detected at time t by the seismometer 
at observation points P1 and FIG. 2(b) shows the wave 
form f(t) corresponding to the same volcanic tremor 
detected at time t (with an error of not more than 10 ms) 
by the seismometer at observation point P2. 
The cross-correlation function y(t) obtained from 

the two wave signals can be expressed as 

T - T. (1) 
yi(t) : J. f(t + r)f(t)dt 

where T is the time at which the volcanic trenor was 
detected at observation points P1 and P2 and T is the 
observation time difference (time lag). 
The value t of T at which yi of Eq. (1) becomes 

maximal is the time lag to be found. Specifically, the 
value tij of T satisfying the following Eqs. (1) and (2) is 
to be calculated 

dyi(t) (2) 
dt s:0 

dy(t) < 0 (3) 
dr? 

In actual practice, T = t is calculated in the volcanic 
trenor source region image formation section 5 not by 
solving the Eqs. (1)–(3) but by graphically representing 
Eq. (1) and reading the value of corresponding to the 
maximal value of y(t) with an error of not more than 
10 ms. 

If there are more than 4 observation points, the afore 
said method can be used to obtain three or more inde 
pendent observation time differences for use in deter 
mining the source region of the volcanic tremor in the 
same manner that the differences among four or more 
observed earthquake initial motion commencement 
times are used as lag times for determining the hypocen 
ter of an earthquake. More specifically, the observation 
time difference at which the cross-correlation function 
from the correlator 4a assumes maximal value is found 
and then, as shown in FIG. 3, a hyperboloid 11 having 
its foci at the observation points P1, P2 where the seis 
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4. 
mometers 2a, 2b are installed is drawn. Similarly, the 
time differences at which the cross-correlation func 
tions from the correlators 4b, 4c assume maximal values 
are found and the hyperboloid 12 having its foci at 
observation points P2, P3 where the seismometers 2b, 2c 
are installed and the hyperboloid 13 having its foci at 
the observation points P3, P4 where the seismometers 
2c, 2d are installed are drawn. The point of intersection 
Q of the three independent hyperboloids is taken as the 
source region of the tremor. In FIG. 3, P1, P2, P3, P4 are 
the observation points at which the seismometers are 
installed. 
An explanation will now be given regarding the lim 

its on cross-correlation function detection in the method 
for detecting the source region of a volcanic tremor 
according to this invention. 

In the case where a volcanic tremor signal Soriginat 
ing from a wave source Q within the source region is 
detected by two seismographs at equal distances from 
the wave source, the correlation amplitude p (which is 
equal to the correlation coefficient in the case where the 
detected value consists of a signal of a correlation coef. 
ficient of 1 and of a noise of a correlation coefficient of 
0) can be expressed as 

S (4) 
S -- N p = 

where N is noise. 
Because of limitations on the accuracy of the detected 

data, the number of independent data and the like, cor 
relation detection is generally possible only when the 
following condition is satisfied: 

p>0.001 (5) 

Next the relationship between the size of the wave 
source and the cross-correlation will be explained. 
Where the tremors (waves) from two wave sources 

Q, Q within the volcanic tremor source region are 
defined as sin a and sin (a.--8), the wave from the wave 
source Q' will contribute to the correlation of the wave 
from the wave source Q only in the case where the 
following equation is satisfied (the overline indicating 
the mean based on a). 

(sina--sin(a+8)>sina 

Solving this equation, there is obtained 

where 8 is the principal value. 
This equation shows that even if the waves from two 

different wave sources are coherent in phase, they will 
constitute noise in the correlation output insofar as the 
phase difference between them is more than 27T/3, i.e. 
insofar as the difference in propagation distance Al and 
the wavelength. A do not satisfy the relationship of Eq. 
(6). 

Al (A- (6) 
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The relationship between the directional difference 
(visual angle) and the propagation distance difference 
will now be explained. 

In FIG. 4, O and P are observation points at which 
seismometers have been installed. Defining the direc 
tion of the wave source Q as seen from the observation 
point P as angle 6 with respect to base lined connecting 
the observation points O, P and defining the direction of 
the wave source Q' slightly apart from the wave source 
Q from the same observation point P as the angle 6--A8 
with respect to the same base line, the difference be 
tween the distance difference between OQ and PQ and 
the distance difference between OQ' and PQ' (defined 
as A and corresponding to the difference between the 
reception delay times) is approximately as shown by Eq. 
(7). 

Alatd cosé-d cos(8-|- A6) atd sin 8A8 (7) 

This equation shows that the detection of waves from 
two points Q, Q' differing in their 6 directions by A6 at 
two points O, P separated by distance d is the same as 
detection of the waves whose propagation distance 
difference is Al. By substitution of Eqs. (6) for (7), A0 is 
expressed by: 

-A- (8) A9 <- sing 

Thus it is possible to determine the requirements that 
have to be met by A6 and X for obtaining a correlation. 
Next it will be explained why the method of this 

invention cannot be applied to seismic waves produced 
by ordinary fault notion. 

In the case of an ordinary earthquake, the seismic 
wave is generally produced at a rupture front which 
moves within the fault plane at a rupture velocity of 
2- 5 km/s, meaning that the source region of the seis 
mic wave moves within the source region with the 
passage of time. In this case, the distance between the 
wave source and the observation points changes from 
instant to instant within the integrated time T of Eq. (1). 
As this means that the lag time corresponding to the 
difference in distance also changes from instant to in 
stant, it becomes meaningless to calculate the lag time t 
from the maximal value. Moreover, the length of the 
fault plane, which may reach more than several tens of 
km, is ordinarily longer than the wavelength of the 
main component of a seismic wave (normally 40 m - 4 
km). Therefore it becomes impossible to satisfy Eqs. (6) 
and (8) and, in addition, most of the waves come from 
regions that do not satisfy these equations. Since it is as 
a result difficult to satisfy Eq. (5), Eq. (1) is not likely to 
have a pronounced maximal value. It is for these rea 
sons that conventional techniques are ordinarily limited 
to determination of the location of the origin of the 
initial seismic wave, namely the hypocenter. 

Differently from ordinary earthquakes, the volcanic 
tremors to which the present invention is directed are 
tremors produced by the motion of subterranean 
magma and the velocity of this movement is low. As a 
result, the amount of motion of a volcanic trenor 
source region during the integrated time T (normally 
several seconds) is smaller than the wavelength of the 
main component of the volcanic tremor (100 m-10 
km). In such a case, Eq. (1) has a maximal value and 
functions to determine the lag time t (the differences in 
the time it takes for the volcanic tremor to propagate 
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6 
from the source region to the observation points) corre 
sponding to the maximal value. 
An explanation will now be made with respect to the 

relationship between the size of the volcanic tremor 
source region and the possibility of obtaining a correla 
tion function. 
Assuming the velocity of a volcanic tremor to be, say, 

4.5 km/s and its frequency to be 1 Hz, the wavelength 
becomes 

- 4.5 km/s (9) A = 1 Hz 4.5 km 

Substituting this value into Eq. (6), there is obtained 

AC1.5 km (10) 

and assuming 

d sins 100 km (11) 

Eq. (8) gives 

A8(0.05 (12) 

In FIG. 4, defining the distance between observation 
point O and wave source Q as D and the radius of the 
wave source as seen from observation point O as R, it 
will be possible to obtain a correlation function from 
waves within visual angles satisfying Eq. (13) below. (In 
a case where Eq. (12) is satisfied, the tremor is deemed 
to be from the source region.) 
The radius R of the wave source being as indicated 

by Eq. (13), if the distance from the observation point O 
to the wave source Q is assumed to be 100 km, then 
substitution of Eq. (12) into Eq. (13) results in R <0.75 
km. 

- D tan A6 (13) R 2 

Since the fact that R is not greater than 0.75 km also 
satisfies Eq. (10), it can be concluded that a wave source 
with a diameter of 1.5 km is completely adequate for 
enabling a correlation function to be obtained. In other 
words, if the magma and volcanic tremor source are in 
the same region and the diameter of the magma is about 
1.5 km, a trenor from the magna will be deemed as 
being S in Eq. (4). This fact, together with Eq. (5), 
means that the method of the present invention is capa 
ble of effectively detecting the source region of a volca 
nic tremor with respect to magma within a region of a 
diameter of up to 15 km. 

It is well known that the motion of the subterranean 
magma of a volcano generates volcanic tremors. Thus 
the ability to determine the source region of volcanic 
tremors with high accuracy can be expected to enable 
accurate prediction of volcanic eruptions. Although 
conventional techniques may be capable of accurately 
determining the source region of tremors caused by 
magma located far below the Earth's surface, it has been 
difficult to use them for accurately determining the 
source region of volcanic tremors caused by the motion 
of magma located near the surface. In contrast, since the 
method of the present invention makes it possible to 
determine the source region of volcanic tremors caused 
by the motion of magma near the surface, it can be 
expected to dramatically increase the accuracy of vol 
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obtaining at least three cross-correlation functions 
canic eruption prediction based on the motion of among pairs of the recorded signals of the tremors 

detected at the observation points; 
calculating at least three observation time lags at 

What is claimed is: 5 which the respective correlation functions become 
maximal; and 

determining the source region of the volcanic tremor 

magna near the surface. 

1. A method for determining a source region of a 
volcanic tremor, comprising the steps of: from the maxima of the at least three cross-correla 

detecting a volcanic tremor with seismometers at at tion functions which directly correspond to the at 10 least three observation time lags. 
least four observation points at the same time and 2. A method according to claim 1, wherein: 

the seismometers are separated from one another by 
more than about 10 kilometers. 

k k k 

recording the detected tremor from each seismom 
eter in the form of a signal; 
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